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Abstract 

A chemical inhibition model of inflammation is proposed by semi-continuous monitoring the density of toll-like receptor 1 
(TLR1) expressed on mammalian cells following bacterial infection to investigate an in v/Vo-mimicked drug screening 
system. The inflammation was induced by adding bacterial lysate (e.g., Pseudomonas aeruginosa) to a mammalian cell 
culture (e.g., A549 cell line). The TLR1 density on the same cells was immunochemically monitored up to three cycles under 
optimized cyclic bacterial stimulation-and-restoration conditions. The assay was carried out by adopting a cell-compatible 
immunoanalytical procedure and signal generation method. Signal intensity relative to the background control obtained 
without stimulation was employed to plot the standard curve for inflammation. To suppress the inflammatory response, 
sodium salicylate, which inhibits nuclear factor-KB activity, was used to prepare the standard curve for anti-inflammation. 
Such measurement of differential TLR densities was used as a biosensing approach discriminating the anti-inflammatory 
substance from the non-effector, which was simulated by using caffeic acid phenethyl ester and acetaminophen as the two 
components, respectively. As the same cells exposed to repetitive bacterial stimulation were semi-continuously monitored, 
the efficacy and toxicity of the inhibitors may further be determined regarding persistency against time. Therefore, this 
semi-continuous biosensing model could be appropriate as a substitute for animal-based experimentation during drug 
screening prior to pre-clinical tests. 
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Introduction 

Inflammation is the body's immediate response to damage to its 
tissues and cells by harmful stimuli, such as pathogens, damaged 
cells, or irritants [1]. Acute inflammation lasting a short-term 
period usually not only cures the body from wounds and 
infections, but also enables the organism to survive via progressive 
destruction of tissue. However, inflammation is also accompanied 
by heat, vasodilation, constriction or dilation in vascular smooth 
muscle cells and eventually physical pain. Chronic inflammation is 
a prolonged, dysregulated, and maladaptive response, causing 
various diseases [2], such as hay fever, periodontitis, atheroscle- 
rosis, rheumatoid arthritis, and even cancer (e.g., gallbladder 
carcinoma) [3]. The processes by which acute inflammation is 
initiated and develops are well defined, but much less is known 
about the causes of chronic inflammation and the associated 
molecular and cellular pathways [2]. Therefore, although inflam- 
mation is normally closely regulated by the body, it should be 
monitored and controlled by medication to alleviate symptoms 
and to prevent inflammation-related diseases from turning into a 
serious illness [3]. 

Development of therapeutic drugs including inflammation 
inhibitory substances relies heavily on in vivo animal models to 



investigate their efficacies and toxicities [4]. Animal models are 
numerous using various species (e.g., guinea pig, rat, and mouse) 
for preclinical evaluation of, for examples, anti-inflammatory 
activity [5-7] and anti-cancer drugs [8,9]. Investigations of 
insecticidal toxicity after the chemical treatment are also carried 
out with animal to observe immunosuppression via cytokine 
measurement [10]. Genetic knockouts or transgenic overexpres- 
sion animal models are used to collect data on susceptibility to a 
disease or data on chronic response to stimulation, respectively 
[11-13]. However, such in vivo testing can result in a high cost for 
pharmaceuticals and, more importandy, problems related to ethics 
[14]. Because animal use is due to a lack of proper in vitro model 
systems that can replace costly and time-consuming animal 
studies, different cell culture platforms have attracted attention 
[14]. Relatively small-sized animal model is also emerging for 
biomedical and environmental toxicological testing using a 
saprophytic nematode species such as Caenorhabditis elegans 
[15-17]. 

In the case of pathogenic infection, inflammatory responses in 
host cells are induced through recognition of the conserved regions 
of pathogenic microorganisms, i.e., pathogen-associated molecular 
patterns (PAMPs), by toll-like receptors (TLRs) [18]. Each TLR 
reacts with different types of pathogenic ligands (e.g., di-acylated 
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lipopeptide, tri-acylated lipopeptide, and lipopolysaccharide). 
Binding initiates the inflammatory response in host cells by 
activating signal transduction pathways mediated by transcription 
factors, i.e., nuclear factor-KB (NF-kB; Figure 1, "Infection 
process"; [18]). This transcription process then produces cyto- 
kines, which mediate cell-to-cell communication to propagate the 
infection signal. Such cellular responses also include expression of 
TLRs, G-protein coupled receptors, and bradykinin receptors 
(BRs) on cell surfaces [19]. 

Bacterial invasion can also stimulate activation of the kinin- 
kallikrein system and produce bradykinin, another inflammatory 
mediator, by interacting with BRs (Figure 1, "Inflammation 
process"; [20]). Such interactions also activate the NF-kB pathway 
to produce BRs and prostaglandins. These are precursory 
reactions of the inflammatory response, which eventually lead to 
vasodilation. The inflammatory response can also be induced by 
other external stimuli such as burns or physical trauma by 
activating the same NF-kB pathway [1]. Activation of the kinin- 
kallikrein system on damaged cells is poorly understood [21]. Such 
a cellular response also increases the levels of receptors as 
inflammatory mediators. 

The progression of inflammation and effects of medications can 
be monitored by examining either the changes in inflammatory 
mediator levels or NF-kB activity [22]. First, the mediator 
concentrations of bradykinin and prostaglandin can be determined 
either by measuring the mRNA expression levels of receptors via 
the polymerase chain reaction [23] or by competitive binding 
assays using a radioisotope as a tracer [24]. However, these 
methods require either cell disruption to extract genetic molecules, 
or collection of the binding complexes present on the cellular 
membrane. Enzyme-linked immunosorbent assays are also avail- 
able for the analytes in plasma sample [25], still the sensitivity is 
limited for bradykinin in normal plasma [26] and the result was 
not reliable for prostaglandin due to the instability in real sample 



[27,28]. Nitric oxide, another inflammatory mediator, can also be 
traced for the same purpose [29]; however, this has low specificity. 
Alternatively, assays for NF-kB activity have been developed [30], 
which also require cell lysis to extract NF-kB or to enhance 
permeability of an antibody tracer across the cellular membrane. 
Another way of detecting NF-kB activity is the indirect approach 
of immuno-analyses using various markers that indicate activity, 
such as BRs, TLRs, and cytokines [31-33]. As these are present on 
the cellular membrane surfaces or secreted, they can be monitored 
via immunoassays using antibodies specific to each target, and 
such methods do not require destruction of the cells for activity 
monitoring. 

In this study, we propose to use TLRs as indicators of the 
cellular response to infection as they are readily measured by 
employing immunoassay techniques. Using TLRs as the markers, 
we have previously investigated a hypersensitive biosensing system 
employing animal cells for externally invading microorganisms 
[34]. We further developed a semi-continuous monitoring 
technique to record the responses of the same cells to repetitive 
infections [35]. In the latter study, experimental conditions were 
established to semi-continuously monitor the inflammation level in 
the same cells by adding novel features to conventional 
methodology, including TLR regulation switching, cell fixation- 
free analysis of the marker, and signal generation with minimal cell 
damage [35]. These technologies may not enable us to monitor 
only the activation status of NF-kB by infection, but also the 
regulation by an anti-inflammatory drug (e.g., aspirin [36]). Such 
inhibition blocks recycling of NF-kB, as this transcription factor is 
normally coupled with iKfia in the cytoplasm to maintain its 
inactive state [36]. Therefore, TLRs are not further produced 
while PAMP-bound receptors are internalized via endocytosis, 
resulting in a decrease in receptor density. The cellular responses 
regarding TLRs to repetitive infections can be obtained in 
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Figure 1. Mechanism of inflammatory response via NF-kB activation against bacterial invasion. Inflammation proceeds mainly via two 
different routes, which are initiated by TLRs-PAMPs binding (Infection process) or bradykinin-BR interactions (Inflammation process). The former 
invokes inflammation by producing cytokines as a result of the response. NF-kB activation also increases the densities of other mediators such as 
TLRs and BRs. 

doi:1 0.1 371 /journal.pone.01 0521 2.g001 
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reproducible manner [35], which may allow us to readily 
recognize the NF-kB inhibition via pattern analysis. 

Semi-continuous biosensing technology was applied to construct 
an experimental model suitable for anti-inflammatory substance 
screening, which provides further information besides efficacy. 
Sodium salicylate, which inhibits NF-kB activity [22,36], was used 
to prepare a TLR suppression chart. This inhibition process may 
be similar to the in vivo mechanism in which an anti-inflammatory 
drug (e.g., aspirin) was used to inhibit NF-kB activation. Screening 
was then simulated by additionally employing positive or negative 
substances, regarding the inhibition of activity, respectively. As we 
adopted a semi-continuous biosensing technique to quantify TLR 
density, the efficacy and toxicity of the inhibitors on the cells can 
be determined regarding persistency against time. Such testing is 
currently carried out through experimentation using animals and, 
therefore, a substitute methodology is needed [14,37]. In this 
study, an experimental model was established to inhibit TLR1 
expression on a human adenocarcinoma cell line such as A549 in 
response to bacterial stimulation by Pseudomonas aeruginosa, 
causing pulmonary inflammation, in a lysate form. The bacterial 
preparation was used to precisely control the stimulation dose and 
consequently to obtain a reproducible cellular response pattern in 
a semi-continuous manner. A typically renowned human cell line, 
HeLa, was additionally sought to use it for simultaneously testing 
for the inflammation status, and a third murine cell line, 
RAW264.7, was also invited as animal species control for 
comparison. As the used cells were all immortalized cell line, the 
anti-inflammatory effects presented in this study might be different 
from those obtained in vivo. 

Materials and Methods 

Materials 

All reagents used were of analytical grade and are specified in 
Text SI. 

Preparation of Bacterial Lysate and Mammalian Cells 

The P. aeruginosa bacterial lysate (PAK strain) was prepared by 
sonication as described previously [38] . Briefly, the bacterium was 
grown in Luria-Bertani broth, and the cell pellets were suspended 
in a phosphate buffer containing NaCl (PBS), boiled, and 
sonicated. The supernatant was diluted to a protein concentration 
of 0.1 mg/mL with PBS and stored at — 80°C after being snap- 
frozen in aliquots. 

The A549 mammalian cell line was maintained in RPMI1640 
culture medium, supplemented with fetal bovine serum (FBS) and 
antibiotics, according to standard protocols [39] . For storage, the 
cells were diluted to 3x10 cells/mL in culture medium contain- 
ing 5% FBS and 10% dimethyl sulfoxide, and snap-frozen in 
liquid nitrogen. Experimental details not mentioned in this section 
are described in Text SI. 

Analytical Procedures for TLR Induced by Bacterial 
Stimulation 

The mammalian cells were pre-cultivated prior to bacterial 
stimulation by suspending them in supplemented culture medium 
to stably attach the cells to the bottom of a 96-well culture plate. 
After washing, serum-free medium was added to the wells and 
incubated for 2 h for starvation. The pre-cultivated cell culture 
was stimulated with the bacterial lysate for 2 h. TLR1 was 
quantified by adding an antibody specific to the receptor and 
sequentially reacting with anti-rabbit IgG labeled with HRP. An 
HRP substrate solution containing TMB was then added to the 
well and allowed to react to generate the color signal, and the color 



was measured at an absorbance of 450 nm after adding sulfuric 
acid. Mean and standard deviation values were used to plot the 
receptor expression level with variation against the target variable 
by using the Excel program from Microsoft. Data are presented as 
mean ± standard deviation (SD). Statistical analyses were 
performed using one-way analysis of variance followed by Tukey 's 
post hoc multiple range tests [40] using the SPSS software package 
for Windows (SPSS Inc.; Chicago, IL, USA). A P<0.05 was 
considered significant. 

The TLR1 expressed on the cells surface was also measured 
using a HRP chemiluminometric substrate to minimize cellular 
damage. The luminescent signal was measured using a cooled 
charge-coupled device (CCD) camera under dark conditions, and 
the captured images were digitized. The optical densities were 
integrated and used to plot the standard curve using the Excel 
program, and statistical testing were also carried out as mentioned. 
Experimental details are presented in Text SI. 

Suppression of Cell Receptor Upregulation Using a 
Chemical Inhibitor 

The inhibitory conditions were optimized via TLR-based 
colorimetric detection by selecting sodium salicylate as the NF- 
kB pathway inhibitor. A549 cells were first attached to the bottom 
of a plate and treated with the inhibitor by co-incubation with the 
bacterial lysate or a pre-incubation, in which the inhibitor was 
added first at the time of starvation and then stimulated with the 
lysate in the next step. The rest of the procedure remained the 
same as indicated above except for the negative control without 
inhibitor. The same protocol was applied for caffeic acid phenethyl 
ester (CAPE) and acetaminophen inhibitor testing. Detailed 
protocols are presented in Text SI. 

Semi-continuous Biosensing Model for Anti-inflammation 

The cellular response to repetitive bacterial stimulations was 
monitored by immunochemical^ measuring the TLR1 level 
according to stimulation-and-restoration cycle. The TLR1 back- 
ground luminescent signal level was measured in pre-cultivated 
cells, and the cells were washed immediately. The cell culture was 
starved in the first cycle, stimulated with the bacterial lysate, and 
the TLR1 density was determined via immunoassay. The same 
culture was subsequently restored in serum-containing medium. 
The same procedure was repeated for the next cycles. The whole 
process was negatively controlled by not adding stimulus agent, 
which was used to yield the signal-to-background ratio against 
time. 

Sodium salicylate was incubated either with the bacterial lysate 
at the same time or by a pre-incubation at the starvation step to 
construct the inhibitory inflammation model. Cellular responses 
were cyclically monitored twice, and the patterns were compared 
with that of the control without inhibitor. 

CAPE and acetaminophen were used as positive and negative 
regulators to simulate anti-inflammatory substance screening. 
Prior to testing, two standard curves were prepared for inflam- 
mation against repetitive bacterial stimulation and for inhibition in 
the presence of sodium salicylate. Each process was negatively 
controlled without stimulation such that the signal-to-background 
ratio could be calculated to plot the standard curves against time. 
The two candidates were then tested by serially adding each to the 
cell culture according to the scheme of semi-continuous biosensing 
as described. 

The same procedure as that used for inhibition testing was used 
to estimate drug effect persistency for sodium salicylate, except we 
omitted the chemical treatment in one of the two cycles after 
adding it in the first cycle. As described above, two standard curves 
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were prepared and used to compare the persistency testing results. 
Experimental procedures and conditions are described in detail in 
the Text SI. 

Results and Discussion 

The goal of this study was to propose an experimental model 
suitable for anti-inflammatory substance screening, which has 
been conventionally carried out using animals. To investigate the 
new model, we established the biological concept, described 
earlier, for the expression of TLRs as a biomarker indicating the 
status of inflammation by bacterial stimulation and also showing 
its regulation. The concept was then visualized to an experimental 
model of inflammation inhibition using a well known drug 
substance, for which a repetitive TLR monitoring technique for 
the same cells, i.e., semi-continuous biosensing, was employed. 
The model was simulated for inhibitor screening and finally 
characterized toward the performances. These results are 
presented in the sections below. 

Establishing an Experimental Model for Inflammation 
Inhibition Monitoring 

We selected sodium salicylate as the test chemical, as it is 
salicylate similar to aspirin [22]. Sodium salicylate is a well known 
inhibitor of the NF-kB pathway initiating the inflammatory 
response. Although NF-kB is normally coupled with Lvfia, 
bacterial infection induces a signal to activate iKp" kinase, which 
phosphorylates and then ubiquitinates Ik|3o( and consequently 
removes it from the complex. The free NF-kB becomes active, 
moves into the nucleus, and combines with DNA for transcription 
to produce mediators related to inflammation. During such an 
inflammatory process, sodium salicylate produces an anti-inflam- 
matory effect by competitively binding with ATP, which is 
required as a co-substrate of Ik (5 kinase [22]. 

TLR expression by bacterial stimulation. We initially 
selected three Gram-negative bacteria, P. aeruginosa, Shigella 
sonnei (S. sonnei), and Vibrio haemolyticus (V. haemolyticus), 
prepared in lysate form. They were then added respectively on 
different host cells: two human cell lines, A549 and HeLa, and a 
murine cell line, RAW264.7. Among the TLRs present on the cell 
membrane surfaces, TLR1, TLR2, and TLR4 were used as the 
sensing elements for PAMPs. The host cells were stimulated with 
each bacterium at a concentration (0.001 mg/mL lysate proteins 
corresponding to 1 xlO' cells/mL for P. aeruginosa, 5xl0 4 cells/ 
mL for S. sonnei, and 2x10' cells/mL for V. parahaemolyticus). 
TLR expression levels after bacterial stimulation were detected 
using the respective anti-TLR antibodies, which indicate the 
degree of interaction between the host cells and stimulus agents 
(Figure SI). In these experiments, the cell lines responded to the 
bacterial stimulation in a similar fashion although the TLR levels 
were relatively different among the host cells. In the case of P. 
aeruginosa or V. haemolyticus stimulation, only the TLR1 
response was significant compared to each background (None) 
for all cell line according to statistic analysis. In contrast, for S. 
sonnei stimulation, expression of all tested TLRs was higher than 
the backgrounds in the order of TLR4>TLR2>TLR1. Accord- 
ingly, the expression level of each marker could be determined by 
the PAMPs present on the stimulus agent. 

As human cells (e.g., A549 and HeLa) will be needed to 
eventually utilize this model for human drug investigation, A549 
offering a relatively low background was eventually selected as a 
host in this study. A comparative study utilizing a chemical 
inhibition model of inflammation was then conducted by devising 
two distinct models: TLR1 response to P. aeruginosa (Model A) 



and TLR4 response to S. sonnei (Model B) on the same cells 
(A549). These models displayed similar expression levels for the 
same lysate titer of each bacterium (refer to Figure SI A). 

Suppressing TLR up-regulation. Sodium salicylate treat- 
ment conditions were first optimized by using Model A regarding 
dose and timing of addition to the cell culture (Figure 2). High 
doses such as >100mM were harmful to the cells (data not 
shown). As a result, the level of activated TLR1 (0 mM sodium 
salicylate; Figure 2A) was inhibited directly proportional to the 
drug dose used when the drug was added with the bacterial lysate. 
The maximum inhibition percentage was about 26% when the 
cells were treated with 50 mM sodium salicylate. For comparison, 
sodium salicylate was first added at the starvation stage and the 
bacterial stimulation was subsequently conducted (Figure 2B). 
Such an approach further increased the inhibition percentage up 
to 47%. Such an enhanced anti-inflammatory effect may have 
resulted from the pre-incubation of the cells, which favored 
sodium salicylate in the competitive reactions between the drug 
and ATP with Ik(5 kinase. The effect was further checked by 
testing inhibition of BR, another inflammatory mediator, at the 
molecular level (Figure S2). 

The significant inhibitory effect of sodium salicylate was 
consistent with the result shown in an earlier report and may 
have occurred due to slow dissociation of the substance from the 
Ik(3 kinase complex [36]. In a previous study, aspirin (acetyl 
salicylate) and sodium salicylate were used as enzyme inhibitors, 
and pre-incubation of each drug also revealed a greater inhibitory 
effect than that in a simultaneous addition. Here, a purified form 
of the enzyme was employed so strong inhibition was observed 
with a lower concentration than that used in this experiment. The 
cell culture system in the present study required mass transport 
across the cellular membrane but hydrolysis of sodium salicylate 
may have occurred during incubation in aqueous medium. In an 
animal model, sodium salicylate shows lower suppression potency 
during prostaglandin synthesis than that of aspirin [41]. It should 
be noted that when the anti-inflammation agent was added at > 
100 mM, the cells were damaged and detached from the solid 
surfaces by apoptosis. The cell damage may have been caused by 
DNA fragmentation and proteolytic cleavage of poly(adenosine 5'- 
diphosphate-ribose) polymerase, depending on the drug concen- 
tration [42]. 

Semi-continuous approach for the inhibition 
model. Because the up-regulated TLR level due to bacterial 
stimulation can be returned to baseline via receptor regulation 
switching, the semi-continuous biosensing concept was applied to 
test of the anti-inflammatory drug effect. Over-expressed TLRs 
are down-regulated through either receptor-mediated endocytosis 
or clathrin-dependent endocytosis [43]. Such a regulatory 
mechanism has been imitated in cell culture, and repeated 
bacterial stimulations could be monitored by recycling the same 
cells without fixation [35]. This semi-continuous biosensing 
approach would be valuable as a potential animal model 
substitute, particularly for drug toxicity testing. 

The analysis required us to control a considerable number of 
factors to vary the expression yield of TLRs such as host cell line, 
stimulus agent type, target receptor, cell culture conditions, and 
stimulation timing, which were determined in a previous study 
[35]. The initial time for each cyclic response using Model A was 
as follows except for pre-cultivation during cell attachment for 
12 h (Figure 3A): a) basal or down-regulated detection level for 
2 h, b) starvation for 2 h, c) stimulation for 2 h under starvation 
conditions, d) up-regulated level detection for 2 h, and restoration 
for 18 h in serum-containing medium. This stimulation-and- 
restoration cycle for the same cell culture was repeated twice to 
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Figure 2. Testing the effective dose and treatment timing, relative to bacterial stimulation, of sodium salicylate as an anti- 
inflammatory substance. Experimental data were obtained by measuring the signals in colorimetric mode, which represented the TLR1 density 
expressed on the cell surfaces (A549). When stimulated with the P. aeruginosa lysate, expression inhibited by sodium salicylate was most effective at a 
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semi-continuously observe the cellular response to TLR expression 
(Figure S3B) using a cooled CCD-based luminescent biosensing 
system developed by us (Figure S3A; [35]). TLR density of a non- 
stimulated cell culture was also measured as a control. The relative 
value of the two densities at each stage, which is the signal-to-noise 
ratio, explicitly showed an up-and-down response pattern twice, 
although both the maximum and minimum values in each cycle 
increased slightly (Figure 3B, No treatment). This result adequate- 
ly demonstrated semi-continuous monitoring of a mammalian cell 
response to external stimulation. 

The anti-inflammatory effect of sodium salicylate was further 
tested by following the TLR biosensing scheme using the optimal 
inhibition conditions determined above. The test drug (50 mM) 
was added either simultaneously with the bacterial lysate or 
sequentially into the cell culture, and the results were compared 
with those of the control without treatment (Figure 3B; refer to 
Figure S3C and S3D for TLR data). During two cyclic responses 
of the cell culture to repetitive bacterial stimulations, the co- 
addition in each cycle was reproducibly effective for suppressing 
bacterial inflammation (Figure 3B, Co-addition). Pre-incubation 
showed an enhanced anti-inflammatory effect, as expected 
(Figure 3B, Pre-incubation). Similarly, the same pattern of 
inhibited inflammation was reproducibly shown with Model B 
using a different pair of stimulus agent and cellular receptor 
(Figure S4). The results from the collective inflammation study 
may support the measurement of differential TLR densities as a 
biosensing approach with possible discriminatory ability between 
the anti-inflammatory substance and non-effector. It is conceivable 
from these results that the semi-continuous responses to repetitive 
stimulations would certainly offer accumulated information about 
drug efficacy and toxicity using the same cells. This will be further 
demonstrated below by introducing another anti-inflammatory 
substance and by extending the cyclic response frequency. 

Simulation of Anti-inflammatory Substance Screening 

The semi-continuous biosensing model for anti-inflammation 
was examined to determine whether it could detect a substance 



showing a similar effect on NF-kB regulation. To this end, we used 
CAPE and acetaminophen, each of which expresses a positive or 
no observed effect [22,44]. CAPE is a substance extracted from 
beehives that inhibits the NF-kB activation pathway in a 
mechanism completely different from that of sodium salicylate 
(Figure 4A). The free form of NF-kB is produced in the cytoplasm 
by eliminating lK|3a from the complex and is translocated to the 
nucleus [22]. Here, CAPE modifies a sulfhydryl group of the p65 
subunit of the NF-kB molecule, which is the DNA binding site, 
and represses inflammatory activity [44]. 

In contrast, acetaminophen affects NF-kB activity differently 
[45]. Although the action mechanism has not been completely 
understood to date, its peripheral anti-inflammatory activity is 
poor and usually limited by several factors. Acetaminophen weakly 
inhibits cyclooxygenase (COX) involved in prostaglandin synthesis 
(refer to Figure 1) and is selective for COX-2 [46]. Therefore, 
acetaminophen was used a negative control of NF-kB activity in 
this study. 

Variable mechanisms of anti-inflammation. Such two 
substances acting distinctly on the inflammation pathway were 
tested for their effect on TLR1 expression when cells were 
stimulated with bacterial lysate (Figure 4). Without chemical 
treatment, the bacterial stimulation reproducibly increased about 
2.8 times the receptor level of host cells compared to that of the 
non-stimulated cells (Figure 4, No treatment). CAPE was added to 
the culture to examine the inhibitory effect and TLR1 level 
decreased compared to that of untreated cells at ^90 uJVI, 
(Figure 4, CAPE). The degree of inhibition was proportional to 
the CAPE dose in the range used and reached up to 89.3%. In 
contrast, when acetaminophen was added to cells in a mM dose 
range, no effect on receptor suppression was found as expected 
(Figure 4, Acetaminophen). Treatment with such a high amount 
of acetaminophen did not significantly affect cell growth. 

Simulating candidate screening. We then applied the 
semi-continuous biosensing technique to test whether these 
chemicals that inhibited TLR expression could offer additional 
information such as cell toxicity. The test in this case was extended 
to three repetitions of the stimulation-and-restoration cycle using 
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Figure 3. Application of the semi-continuous analytical approach for TLR regulation to test the anti-inflammatory substance effect. 

Optimal conditions for the TLR regulation scheme were determined (A) and TLR expression was observed in response to two cyclic repeated bacterial 
stimulations (B, No treatment). Sodium salicylate was the positive inhibitor (see Figure 2) and an effective dose (50 mM] was used either by co- 
incubation with the stimulus agent (Co-addition) or by pre-incubation (Pre-incubation). Both treatments revealed inhibition of the TLR response to 
serial stimulations, suggesting a model for anti-inflammatory substance screening. Each measurement was repeated twice under identical conditions 
and comparisons to the control (No treatment) were marked as stated in Figure 2 legend. 
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the same cells according to the scheme shown in Figure 3A. Prior 
to testing, negative and positive control inhibition curves were 
prepared by conducting the cyclic biosensing for cell cultures 
without added chemicals or with sodium salicylate treatment, 
respectively (Figure 5). CAPE (90 u.M) was then applied and 
resulted in inhibited TLR1 expression, which was stronger than 



that obtained with sodium salicylate (Figure 5A). Acetaminophen 
(10 mM) was tested and showed a cyclic response curve that 
overlapped with a curve that did not show inhibition (Figure 5B). 
This result indicated that acetaminophen did not block the NF-kB 
activation pathway. Although we simulated screening of the anti- 
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Figure 5. Simulation of anti-inflammatory agent screening based on standard controls in the repetitive inhibition response curve. 

According to the testing scheme (Figure 3A), the stimulation-and-restoration cycle was repetitively maintained three times without chemical 
treatment (no inhibition) or separately with sodium salicylate treatment (positive inhibition). When two different substances were employed in the 
inhibition testing, CAPE (90 uM) showed positive anti-inflammatory response (A) when compared with the two control curves, whereas 
acetaminophen (10 mM) revealed a negative inhibition response (B). All experiments were carried out in duplicate and comparisons to the control 
(No inhibition) were marked as mentioned in Figure 2 legend. 
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inflammatory drug candidates using the substances with known 
effects, such a strategy could be applied to test unknown samples. 

Characterization for Potential Cytotoxicity and Duration 
of Inhibition 

Semi-continuous monitoring for the cellular response may also 
offer extra information regarding test substances such as cytotoxic 
effects and the duration of the anti- inflammatory effect. Most drug 
screening systems have been developed for high throughput 
sorting ability to obtain a number of candidate substances [47] . 
However, such a conventional approach requires separate toxicity 
tests on cells or animals prior to entering pre-clinical tests. 
Alternatively, we used our novel technique to identify additional 
enhanced features. 

Evaluation of cytotoxicity. The cyclic curves for both test 
substances were parallel to those of the controls, suggesting that 
they were not toxic to the cells (Figure 5). This was also confirmed 
by the morphological observations of the cell. In contrast, 
cytotoxicity was observed in cultures treated with excess CAPE 
(180 (0.M; Figure S5). After pre-incubation of the substance, the 
stimulation with lysate did not significantly increase the TLR level 
comparing to that of the non-stimulated control (refer to the bar 
graphs at 8 h in (B)). This could be caused either by anti- 
inflammatory effect of the test substance or by its cytoxicity on the 
cells. Furthermore, the treated cells detached from the solid matrix 
after the first cycle culture (see Figure S6). This resulted in a 
substantial increase in TLR levels for both the stimulated and non- 
stimulated cultures (Figure S5, see the bar graphs at 28 h in (B) 
compared to those of the control in (A)). Such cell death caused a 
distorted signal-to-noise ratio in the corresponding cycle, which 
was not parallel to the control curves as mentioned (Figure 3B). 
Such information about cytotoxicity could discriminate the effect 
by an eye examination for the dose response pattern, which may 
be unique to the semi-continuous biosensing method. The 



cytotoxic effect can also be caused in the second or third stage 
by accumulation if a test drug was repetitively applied to the same 
cells although it initially revealed anti-inflammatory effect. 

Estimating effective duration. Another notable feature of 
the semi-continuous monitoring system is providing information 
about duration of the test drug effect. Sodium salicylate was used 
as inhibitor of NF-kB activation as in the routine test but we 
omitted it after the first cycle (Figure 6). Two additional 
experiments were simultaneously executed without chemical 
treatments as a negative control (Figure 6A, Non-inhibition) and 
with the addition of the test substances during all three cycles as a 
positive control (Figure 6A, "1,2,3-inhibition"). When the cell 
culture was not chemically treated in the second cycle, TLR 
density increased compared to that of the controls, showing no 
significance of inhibition (Figure 6B, "1,3-inhibition"). When the 
chemical treatment was not employed in the third cycle, a similar 
response was obtained only at that stage (Figure 6B, "1,2- 
inhibition"). Nevertheless, increased TLR levels remained within 
the density boundaries of the two controls, revealing that such 
irregular inhibitor treatment did not irreversibly disturb cellular 
physiology. 

As one of the stimulation-and-restoration cycles was not treated 
with sodium salicylate during the efficacy persistence testing, the 
substance used in the preceding culture was mostly washed out 
and the remainder underwent hydrolysis [41]. Such a removal 
process may limit the effective duration, although the Ik(3 kinase 
binding complex slowly dissociated. The procedures could match 
with those under in vivo conditions. When a high dose of aspirin is 
ingested (e.g., >4 g), the half-life is 15 to 30 h [48]. This results 
from saturation of the biotransformation pathways concerned with 
decomposition to salicylate acid and salicyl phenolic glucuronide 
[49]. Renal excretion of salicylic acid becomes increasingly 
important as the metabolic pathways become saturated, which 
could be equivalent to the washing procedure under cell culture 
conditions. Thus, the duration of the effect estimated by in vitro 
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Figure 6. Simulation of the drug effect persistency testing using sodium salicylate. Pre-incubation with sodium salicylate during each 
cycle caused consistent anti-inflammatory responses to the three repeated bacterial stimulations ("1 ,2,3-inhibition" as a positive control) compared to 
that without inhibition (Non-inhibition as negative control). However, when the treatment was skipped at either the second ("1,3-inhibition") or third 
cycle ("1,2-inhibition"), the inhibitory effect was not shown at the corresponding stage. This may indicate that drug efficacy persisted for 1 day. Each 
measurement was repeated twice under the same conditions and the significance was indicated. 
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cell culture can furnish us useful information comparable to that 
obtained via in vivo metabolic pathways. 

The TLR-based biosensing approach could be unique in the 
analytical aspect showing the human cellular responses in semi- 
continuous manner. Other conventional methods, for example, 
TLR mRNA detection and NF-kB translocation assay, required 
cell disruption, not allowing us to repeatedly analyze the immune 
system activation as mentioned earlier. In the case of cytokine 
[e.g., tumor necrosis factor-oc (TNF-ct)] assay, the cells may not be 
destroyed and, however, the concentration (<10 pg/mL) secreted 
from the human cell line was too low to be assayed using a 
commercial enzyme-linked immunosorbent assay kit [50] . Human 
cells are needed to investigate human drugs [14]. In addition, 
certain proteases such as matrix metalloproteinase-9 (MMP-9) are 
also induced to secrete by the inflammatory stimulation [51]. 
MMP-9 has been reported to release by cytokines (e.g., TNF-ot, 
IL-1), which may direct our attention to its utilization as a next- 
generation biomarker for vascular and inflammatory diseases as 
well as for cancers [51]. It was detected by immunoassay based on 
fluorometry or label-free method [52-54]. 

Alternatively, a murine cell line such as RAW264.7 may be used 
to secrete cytokines in a level sufficient for immunological 
detection [50] and, thus, TNF-a and interleukin-6 (IL-6) were 
tested as markers for monitoring cellular responses (Figure S7). 
According to the pre-determined scheme (refer to Figure 3A), the 
cells underwent three consecutive stimulation-restoration cycles 
and the TNF-a level was then monitored as an indication of the 
responses to each cycle. Although the signal was high relative to 
the background in the initial response, the ratio decreased 
significantly as the same cells were exposed to the next repetitive 
bacterial stimulations. In contrast, the signal-to-noise ratio for IL-6 
was much lower than that for TNF-ot, but the initial value was 
reproduced in the next two cycles, which was also supported by a 
previous result [50]. Such a cytokine-based model may only be 



preferred in microbe surveillance for environmental monitoring 
and biodefense. 

Conclusions 

The differential TLR biosensing concept proposed by combin- 
ing TLR regulation switching with semi-continuous monitoring 
enabled us to provide highly informative data essential for 
screening anti-inflammatory drug candidates. The information 
could be used to estimate inhibition efficacy for TLR expression 
against repeated bacterial stimulations, cytotoxicity, and duration 
of the effect. These factors are required of candidates to pass to the 
next steps of the drug screening process prior to pre-clinical tests 
[14]. The efficacy of therapeutic drugs in human clinical trials can 
be faithfully predicted neither by a single cell culture nor in vivo 
animal model [55]. However, cell lines dividing actively in vitro 
offers relatively to animal models the convenience of preparation 
and culture, if the desired cell type is available. The cell line can be 
replaced under optimized testing conditions with primary cells 
extracted from human directiy, with the advantages of having 
numerous available cell types and the similarity function of in vivo 
cells [56]. Therefore, our novel biosensing model based on 
mammalian cell culture may be useful as an alternative to the 
current model, in which animals are used for drug toxicity testing. 
We plan to further investigate the utility of the model to enhance 
the drug effects by formulating of mixed candidate substances or 
shifting the treatment of each cycle, which may be difficult to 
apply even to animals. 

Supporting Information 

Figure SI Expressions of TLR1, TLR2, and TLR4 on 
different host cells stimulated with various bacterial 
lysate at a concentration of 0.001 mg/mL proteins. P. 

aeruginosa and V. haemolylicus only induced the expression of 
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TLR1 when compared with each background (None) for all cell 
lines. In contrast, S. sonnei stimulated all tested TLRs expression 
in the order of TLR4>TLR2>TLR1. Data are shown in mean ± 
SD (n = 4) and comparisons to the control (i.e., expression levels of 
non-stimulated cells) are marked as *** very highly significant (P< 
0.001), ** highly significant (P<0.01), or * significant (P<0.05). No 
significance (ns) was indicated otherwise. 
(TIF) 

Figure S2 Supporting data for the inhibition of bacterial 
stimulus inflammation by sodium salisylate at the 
molecular level. When the bacterial lysate of P. aeruginosa 
was added into the A549 cell culture, the mRNA level for 
bradykinin 2 receptor (B2R) was increased comparing to that of 
non-stimulated control (A, 0 mil). Such level, however, was 
shown to suppress in the presence of sodium salicylate, of which 
degree was proportional to the dose added. On the other hand, 
these results were not reproduced by the addition of acetamino- 
phen, revealing no anti-inflammatory effect (B). The identical 
procedures were repeated four times, respectively. 
(TIF) 

Figure S3 Construction of semi-continuous biosensing 
system and its utilization for monitoring of the TLR 
level on mammalian cells. A chemiluminometric immuno- 
sensing device was constructed by installing a cooled CCD within 
a dark chamber (A). The stimulation-and-restoration cycle for the 
same cell culture was semi-continuously monitored by measuring 
the TLR level via immunoassay as the cellular response to 
repeated stimulations (B). These were then compared with those of 
chemical treatment with sodium salicylate in different modes (C 
and D; refer to the manuscript for details). All experiment was 
carried out in duplicate. 
(TIF) 

Figure S4 Inhibition model for inflammation using 
TLR4 response to S. sonnei on A549. The TLR4 expression 
was observed in response to two cyclic repeated bacterial 
stimulations (No treatment). Sodium salicylate (50 mM) was then 
used by sequential incubations with the stimulus agent (Pre- 
incubation), revealing inhibition of the TLR response to serial 
stimulations. Each experiment was repeated twice. 
(TIF) 
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same time based on a modified scheme of stimulation-restoration 
processes: 2 h-starvation, 2 h- stimulation, 2 h-restoration, and 
additional 20 h-restoration. The TNF-oc level was kept decreasing 
as the stimulation was repeated in the three cycles while the IL-6 
concentration was maintained about constant. The experiments 
were repeated twice under each condition. 
(TIF) 
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